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Abstract 
Due to the inhomogeneous material structure, micromachining of fibre reinforced plastics places high requirements on machining 
processes. Using the hole drilling machining of carbon fibre reinforced plastics as an example, experiments on electro discharge 
machinability were carried out by means of solid carbide electrodes. Basing on the variation of technological process parameters, 
the tests were conducted with regard to both workpiece-related and tool-related parameters. 
 
The results accentuate the complexity of the influencing parameters affecting surface quality and thermal damage of the material as 
well as tool wear. However, evidence of a low damage production of small drill holes could be provided. 
 
© 2013 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor Bert Lauwers  
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1. Introduction 
Carbon fibre reinforced plastics continue to gain in 
significance thanks to their beneficial technical 
properties such as strength and density ratio or varied 
specific design possibilities. However, machining this 
class of materials is difficult, because it is 
inhomogeneous substances consisting of electrical 
conductive high-tensile fibre materials and a electrical 
non-conductive matrix material that is usually made of a 
duromer plastic or epoxy resin. 
As a result, negative effects that are mainly caused by 
the material structure occur during machining and 
particularly during hole machining. This includes 
delaminations when the tool enters and leaves the 
composite, thermal damage to the material owing to tool 
friction and high tool wear owing to the abrasive effects 
of the fibre [1,2]. Thanks to the possibilities for tool 
engineering regarding the cutting material and geometry 
as well as the processing technology in form of cutting 
data, improvements in hole machining can be observed 
in the fields of delamination behaviour and tool wear 
[3,4]. Besides experimental studies, analytic methods 
were applied to describe and improve the delamination 
behaviour [5]. 
Machining problems intensify particularly in 
micromachining owing to the existing size effects 
between material and tool [6]. In addition, the surface 
quality measurements and the increased influence of the 
tool wear make a reproducible and productive 
processing of micro components more difficult. This 
applies especially to fibre reinforced plastics [7,8]. 
For this reason, alternative methods were tested in the 
past [9], for example regarding the EM machinability of 
fibre reinforced plastics on the example of carbon fibre 
reinforced materials [10,11]. The feasibility of 
machining could be successfully proved several times. 
Further studies on this topic confirm the feasibility 
and indicate machining problems in ED machining. This 
includes the formation of a thermally damaged surface 
layer, in which additional chemical alterations take place 
[12]. Controlling this phenomenon, whose development 
is influenced by many process parameters, requires a 
deeper understanding of the process [13]. It can hence be 
useful to apply mathematical methods [14] or even 
modified technological parameters [15] to minimise the 
thermal influence. 
The aim of this study on the ED machining of carbon 
fibre reinforced plastics is to analyse relevant variables 
influencing for example the electrode wear, the material 
removal rate and the surface quality under consideration 
of the particularities in micromachining. 
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2. Experimental conditions 
A SARIX micro EDM machine SX-100-HPM was 
used for the experimental study (Fig. 1).  
 
 
Fig. 1. Micro-EDM machine SARIX SX-100-HPM 
The pulse generator of this machine is a relaxation 
generator with RC circuit [16] and allows the setting of 
available pulses (energy types), which can be divided 
into ultra short (energy type 13;14), short (energy type 
100; 114) and long pulses (energy type 200 ; 365). The 
discharge current can be limited up to a maximum 
current. The pulse frequency is variable in a range of 1 – 
250 kHz, the pulse duration between 1 – 50 µs. The 
control parameters 'gap', 'gain' and 'regulation' are kept 
constant. 
The experiments were conducted for the upper and 
lower range limits of these three energy types. As the 
parameter values for the energy type increase, so do the 
discharge time and the converted electric energy per 
discharge in particular. 
Due to the extremely short pulse duration, energies 
and currents are shown unitless and as proportional 
setting values to energies and currents [17]. 
A carbon fibre reinforced plastic type M21 in form of 
a multi-layer prepreg structure from Hexcel (Table 1), 
which is mainly used in the aviation industry, serves as 
test material. During the preparation of the test material, 
the existing non-conductive epoxy resin top layer was 
removed in order ensure initial electrical conductivity. 
Table 1. Relevant physical and mechanical properties of the tested 
CFRP prepreg 
 Value Unit 
Fibre (Direction)   
Fibre Mass   
Nominal prepreg mass 305 g/m² 
Nominal Laminate Density 1,58 g/cm³ 
Nominal Cured Ply Thickness 0,193 mm 
Glass Transistion Temperature 203 °C 
Compression Strength  1657 MPa 
Tensile Strength 2981 MPa 
 
For each experiment, the tool electrode is used to drill 
a hole with a depth of 200 µm and a diameter of 500 µm. 
Depending on the regarded criteria, the hole is drilled by 
a feed direction of the electrode along a linear or helix 
path. 
Table 2. Experimental conditions 
 Description Unit 
Tool Cylindrical tungsten carbide 
electrode (WC + Co) 
 
 Diameter: 300 
Rotating 
Polarization: negative 
µm 
Control parameters Gap, Gain and Regulation: 
constant 
 
Dielectric SX-DA-Oil with lateral 
flushing 
 
Technology 
parameters 
variable  
Pulse frequency 1…250 kHz 
Pulse duration 0.1 … 50 µs 
Maximum discharge 
current 
1 – 200 Undefined 
(Sarix units 
SEi) 
Discharge energy 13;15 (ultra short pulses) 
100; 114 (short pulses) 
200; 365 (long pulses) 
Undefined 
(Sarix units 
SEe) 
The tool was a tungsten carbide electrode with a 
diameter of 300 µm and straight polarity and was 
rotating during machining. Flushing was conducted 
laterally with oil as dielectric. Table 2 includes further 
information about the test conditions. 
It should be noted that setting the spark discharge to 
the maximum permissible current (maximum current) is 
only relevant in case of long pulses. In case of short or 
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ultra short pulses, the occurring currents are so small that 
there is no need for an upper current limit. Like the 
energy types, the setting bases on an internal and 
encoded unit standard set by the machine manufacturer 
[17]. 
Each criterion was tested separately and therefore has 
an own series of tests. The criteria are tool wear, 
material removal rate, lateral spark gap, surface 
roughness and thermal tool damages. The focus of the 
experiments was laid on the feasibility of machining the 
CFRP substrate not detailed on the optimization of the 
machining parameters caused by the limited access to 
the detailed settings of the SARIX machine. 
3. Experimental results and discussion 
The holes with a diameter of 500 µm are drilled along 
a helical path. Preliminary tests on drilling holes with a 
diameter of 300 µm showed that compared to helical 
machining, a linear feed direction of the electrode causes 
different wear mechanisms (Fig. 2 & 3). 
On the one hand, these observations base on 
improved flushing conditions in helical machining, 
which results from the stirring effect of the tool 
electrode in motion. On the other hand, the available 
space to flush already removed carbon fibre reinforced 
plastic particles is limited by a linear movement of the 
tool electrode when driven in, as there is only the width 
of the current lateral spark gap available. As a result, 
there is an increased incidence of short circuits in the 
frontal gap between particles and tool electrode front 
end. This also explains the characteristic cavity on the 
electrode end face (Fig. 2). In contrast, the electrode 
wear in helical machining is more homogeneous and 
characterised by a rounding of the transition piece 
between peripheral surface and end face (Fig. 3). 
 
 
Fig. 2. SEM micrograph showing the typical frontal wear of a tool 
electrode with a linear feed direction during EDM drilling 
 
Fig. 3. SEM micrograph showing the typical frontal wear of a tool 
electrode after passing a helix path 
Because of the more homogeneous end face structure, 
only results from helix machining were considered for 
the following experiments on tool wear measurement. 
These experiments were conducted on the SARIX SX-
100-HPM by frontal contacting of the electrode end 
face. 
3.1. Tool wear and Material Removal Rate 
The series of experiments on tool wear reveals that a 
low electrode wear can only be achieved in stable EDM 
processes. These processes are characterised by low 
abnormal discharge pulse rates and a minimum of short 
circuits. 
Regarding the open circuit voltage one can observe 
that by using small pulse energies (i.e. short and ultra 
short discharge times) wear is only strongly increasing at 
high open circuit voltages. Low open circuit voltages 
require a very small gap between tool and material to 
allow an electric arc in the dielectric. The resulting small 
gap does not offer sufficient space to flush removed 
particles, which, in turn, causes short circuits and 
supports wear. 
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Fig. 4. Tool wear depending on the maximum discharge current 
The increasing importance of the current flow 
becomes apparent when applying larger pulse energies 
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(i.e. longer discharge times). Larger currents are 
necessary in case of lower open circuit voltages in order 
to reach the required pulse discharge power within the 
discharge duration. The discharge current level is thus 
the major determinant for the tool wear (Fig. 4). 
Regarding the total machining time per hole, one can 
observe that, if the machining time increases, a stronger 
heating of the electrode will support wear. 
Regarding the pulse duration, one can state that 
there's no influence on the wear behaviour at short 
discharge times, however, the pulse frequency linearly 
increases the number of potential spark discharges and 
thus also the tool wear. In case of long discharge times, 
the pulse duration can gain influence, because the 
relative wear decreases at increasing pulse duration and 
a constant discharge current. It is to be assumed that, at 
the beginning of a discharge, substantial wear will occur 
by evaporation of the electrode material owing to the 
higher energy density [18]. 
However, at longer discharge times and comparably 
high discharge currents an effect occurs, which is 
characterised by a decreasing material removal rate and 
a relative tool wear of up to 100 %. 
If the discharge channel expands, the erosion 
mechanism changes, such that the material removal 
primarily occurs at the workpiece as the discharge goes 
on. Hence, it can be concluded that the wear decrease is 
related to an extension of the pulse duration, due to the 
fact that the wear rate per discharge decreases. 
 
Fig. 5. Material removal rate depending on energy type and open 
circuit voltage 
The material removal rate was determined under 
consideration of the frontal electrode wear compared to 
the requested drill depth and machining time. It has been 
observed that spark discharges, which might cause 
material removal, occur more frequently and thus the 
wastage rate increases, if the open circuit voltage 
increases and the gap between workpiece and tool stays 
constant. However, process instabilities disrupting the 
removal process appeared at too high open circuit 
voltages. At the same time, the material removal rate 
increases, if the pulse energy increases (Fig. 5). 
The material removal rate of long pulses can basically 
be increased by increasing the frequency or pulse 
duration, if the open circuit voltage and discharge 
current are optimally used. 
3.2. Gap between tool and workpiece 
The size of the lateral spark gap during the driving in 
process does not depend on the number of discharges, 
which might cause material removal that is the 
frequency or pulse duration. 
In fact, the gap width is based on the converted pulse 
energy on the one hand, that is the pulse duration and the 
discharge current, and the open circuit voltage on the 
other hand. While no influence on the gap width can be 
proven for the smallest energy types and the varying gap 
widths shown in Table 3 result from material 
inhomogeneity, the width of the gap is increasing 
together with the open circuit voltage at pulses with 
longer discharge times (E100;114 and E200;365). 
Table 3. Measured values of working gap latitudes 
Pulse duration type Discharge energy Lateral working gap  
Ultra short 13;15 30 – 35 µm 
Short 100; 114 32 – 38 µm 
Long 200; 365 34 – 44 µm 
  
Moreover, the long pulse types, i.e. large energy 
types (E200-E365), show a dependency of the spark gap 
on the discharge current, as higher discharge currents 
can only become effective due to the extended discharge 
times. Higher discharge currents shall be limited by the 
parameter maximum current in order to prevent damages 
to the workpiece. 
3.3. Surface roughness 
The main variable influencing the surface character of 
the carbon fibre reinforced plastic at the hole bottom is 
the energy that is used per spark discharge to effectively 
remove material. A differentiation can be made between 
two effects. 
On the one hand, optical microscopic studies have 
proven that applying low energy types only partly melts 
the electrically non-conductive matrix structure, which 
can thus not be removed by flushing. This can lead to a 
removal of the electrically conductive fibre structure 
leaving a thermally damaged matrix structure (Fig. 6 
&7). 
On the other hand, applying energy types of high 
intensity causes, as expected, a strong material removal 
at the hole bottom. However, this results in an 
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unstructured loss of contact in a strongly inhomogeneous 
form inducing deep crateriform damages, which are 
locally at the hole bottom referring to the overall hole 
geometry. 
A valuation of the surface quality by means of two-
dimensional roughness parameters is appropriate to only 
a limited extent, as it is on the one hand an 
inhomogeneous fibre composite. On the other hand, the 
hole bottom of the eroded structures is two small to 
allow a reliable conclusion on roughness, because the 
expected values of roughness parameters (e.g. Ra, Rz) 
are significantly higher than the required measuring 
sections [19,20]. 
For this reason, circular cylindrical holes with a 
diameter of 2500 µm and a depth of 50 µm have been 
drilled and measured across the fibre with a surface 
measuring instrument of the company Hommel-Etamic 
T8000. 
In principle, it was found that the surface roughness 
of the bottom hole increases at increased pulse energy 
(Fig. 6). 
 
Fig. 6. Measured mean average roughness Rz of electrical discharged 
machined CFRP by different energy types 
3.4. Thermal damage 
The heat-affected zone (HAZ) as a characteristic 
feature of spark erosion has other effects on carbon fibre 
reinforced plastics than, for example, on steels, where a 
circular HAZ forms around the entrance edge of the 
hole. Due to the good thermal conductivity of carbon 
fibres, a strong anisotropy of the HAZ can be observed. 
Fig. 7 clearly shows the HAZ along the carbon fibres 
when applying high pulse energy. The low thermal 
conductivity of the epoxy resin proves to be problematic, 
because due to the carbon fibres, high temperatures built 
up outside the bore area, too.  
 
Fig. 7. Heat-affected zone of high-energy-impulses (E200) by using 
middle current (SEi = 38) and voltage parameters (ui= 140V) 
The melting point of the epoxy resin is exceeded and 
epoxy resin particles are melted and flushed while the 
carbon fibres are resistant to high local temperatures. 
Hence, the carbon fibres themselves are not influenced 
by high temperatures and even remain in position. The 
result is the fibrous appearance shown in the figure. 
However, applying low discharge currents and open 
circuit voltages even together with high pulse energies 
has led to results without a detectable HAZ. This is 
illustrated in Fig. 8. 
 
 
Fig. 8.  Heat-affected zone of high-energy-impulses (E365) by 
using low current (SEi = 15) and voltage parameters (ui= 80V) 
 
Figure 9: Destruction and delamination of workpiece-surface using 
high-energy-impulses (E365) with maximum current (SEi = 160 )and 
voltage parameters (ui= 250V) (Left: top view; Right: side view) 
Hence, it is not the energy content of the pulse per 
spark discharge that is of crucial importance for the size 
of the HAZ and the degree of delamination, but an 
adjustment of the discharge current and open circuit 
voltage. Incorrect usage of these parameters, i.e. large 
discharge currents, can for example result in a total 
destruction of the carbon fibre reinforced plastic surface. 
Fig. 9 shows this borderline case on the example of 
thermal damages. 
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4. Conclusion 
As shown in the preceding elaboration, micro holes 
can be drilled in carbon fibre reinforced plastics by 
means of electrical discharge machining. Compared to 
the machining process, this allowed achieving the 
advantages of burr less machining and high dimensional 
accuracy. 
In ED machining, the disadvantage of a heat-affected 
zone by machining carbon fibre reinforced plastics has 
the effect of a dependency from the fibre direction and 
results in unintentional melting of matrix material, which 
is comparably low-melting. Carbon fibre reinforced 
plastic can thus only be adequately machined within 
certain parameter ranges.  
It could be demonstrated that with increasing pulse 
energies both a high tool wear and low surface finish can 
be produced. Taking into account constant pulse energy 
it has to be stated that increasing discharge currents 
damage the fiber matrix leading to a destruction of the 
fibre matrix in extreme cases. 
Neglecting the tool wear mainly medium and high 
pulse energies with low discharge currents offer a good 
performance for productivity and quality. 
Low pulse energies have the disadvantage of low 
material removal rate despite the low tool wear and 
increased surface quality. The open circuit voltage as 
one of the main influencing parameters has the least 
impact of them, and should be in the middle range 
between 90 V and 130 V.  
Further research has to be done in a description of the 
process parameters in SI units to specify the detailed 
interrelation between the machining parameters and the 
machining results. 
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